ABSTRACT
Introduction
The fate of a chemical in the environment is controlled by its physico-chemical properties, the nature of introduction of the chemical in the environment [1] and also by the environmental conditions. Volatile organic compounds (VOCs) are omnipresent in lower urban atmosphere. Various typical anthropogenic activities like intense transportation, industrial and commercial activities prevailing in urban areas particularly in metropolitan cities [2] [3] [4] in addition to natural emissions are responsible for elevated VOC levels in urban air [5] .
The mono-aromatic volatile compounds like benzene, toluene, ethylbenzene, xylenes (BTEX), emitted to the ambient air, constantly take part in partitioning and distribution between the major environmental compartments like water, soil, vegetation etc. or it may entail partitioning between phases within an environmental compartment [6] .
Multimedia mass balance models are simple mathematical descriptions of the natural environment designed to gain qualitative and quantitative understanding of the environmental distribution and fate of chemicals. These models can be effectively used to describe the fate of the chemicals such as VOCs in different subdivision of environmental compartments having homogeneous environmental characteristics and chemical concentration by integrating information of multiple and interacting process of partitioning, transport and transformation [1, [7] [8] [9] . Several models and software packages have been developed and efficiently used for assessing chemical fate in the environment on a regional scale, e.g., EUSES and ChemCAN in Japan [10] ; QWASI in West Yorkshire, United Kingdom [11] ; TaPL3 in Mumbai, India [12] .
Worldwide rapid urbanization, industrialization and consumerism are resulting in increasing emission of CO 2 and other Green House Gases (GHGs) along with VOCs. The most significant increase of energy consumption and GHG emissions are taking place in metropolitan cities which have rapidly expanding populations enjoying higher living standards and material affluence than the people living in rural areas and smaller cities [13] . VOCs are considered as contributors to global warming by Intergovernmental Panel for Climate Change (IPCC) because of their chemical reactivity and their potential to produce tropospheric ozone and other photochemical oxidant. Metropolitan cities thus have significant contribution towards the total national as well as global emission of GHGs including CO 2 and VOCs. Although the yearly CO 2 emission load for Kolkata is reported [13] but neither a comprehensive VOC emission inventory is available nor the global warming consequences of VOC emission of any city have ever been estimated.
Besides their environmental effects, VOCs also have many harmful effects to human health even at lower concentrations, affecting different target organs e.g. central nervous systems, respiratory system, liver, kidney, reproductive systems etc. [14, 15] . The VOCs, in general, have a positive correlation with severe symptoms of asthma among children [16] . Many of these especially benzene has been confirmed as human carcinogen both by International Agency on Research on Cancer (IARC) and American Conference of Governmental Industrial Hygienist (ACGIH).
Risk assessments for the toxic pollutants are widely used in different countries as a regulatory decisionmaking processes to combat air pollution. In a risk assessment, the extent to which a population is or may be exposed to a certain chemical is determined, and the extent of exposure is considered in relation to the kind and degree of hazard posed by the chemical, thereby permitting an estimate of the potential health risk due to that chemical for the population involved [17] . By performing non-cancer and cancer risk assessment, the extent of the possible health damage of the general population due to environmental exposure to VOCs can be assessed. The human health risk assessment process includes exposure assessment that determines the magnitude and duration of the exposures and risk estimation. The likelihood of adverse effects on direct human exposure via inhalation is understood from risk estimation [18] .
In the present study, the ambient seasonal concentration of BTEX in a metropolitan city, namely Kolkata, India, have been measured to estimate the total elevated environmental load of these target VOCs utilizing TaPL3 multimedia mass balance model. Contribution of Kolkata metropolitan city towards global warming due to its environmental load of BTEX has been estimated as carbon dioxide equivalent. Estimation of non-cancer health hazard as well as integrated lifetime cancer Risk (ILCR) due to the inhalation exposure of the general city population towards BTEX was also made.
Methodology

Study Area
Three monitoring sites, was selected geographically for ambient air sampling. All the sites were a combination of commercial and residential area with several small-scale industries scattered intermittently. The details of the three sites, Site N in Northern Kolkata, Site C in Central Kolkata and Site S in Southern Kolkata, are as follows:
Site N: Situated in North Kolkata at ~10 m away from the main arterial road connecting North and South Kolkata at a height of 5 m. Mainly residential and some commercial activities were prevailing in the surrounding area.
Site C: Situated in the Central Kolkata at about 5m height at a distance of ~5 m away from the major road connecting Central Kolkata to the city railway station.
There was an open ground with greeneries in front of the sampling site at other side of the road. The surrounding areas were mainly used for commercial purposes along with some residential activities. Minor small scale industrial activity can also be noticed in the adjacent area.
Site S: Located in South Kolkata at a height of about 7 m and ~5 m away from a major road connecting southern and eastern part of the megacity. The area around the sampling site was populated with various small and medium scale industries. Some commercial and residential activities were also noticed in the adjacent area.
Transportation activity was prominent in all the three sites same as in the rest of the city. 
Sampling Period
Sampling Procedure
Air sampling for VOCs were conducted at the selected sites between 9:00 AM and 6:00 PM. VOCs were collected in sorbent tubes containing activated charcoal (60-80 mesh), spread in two compartments (100/50mg) by drawing air through a constant flow low volume pump (SKC, USA) at a rate of 0.1 LPM or less for about 4-5 hours each.
Determination of BTEX
The charcoal was desorbed in 1 ml of carbon disulfide (CS 2 ) for 1-1.5 hour and analysed for benzene, toluene, ethylbenzene, and three isomers of xylenes. Quantification was done on a Gas Chromatograph (Perkin Elmer, Auto System XL GC) equipped with a Flame Ionization Detector. Separation of the analytes was achieved by PE 624 (Perkin Elmer) capillary column, isothermally at 100˚C. Detector and injector temperature were maintained at 200˚C and 180˚C respectively.
The samples were quantified against five-point calibration curve prepared from standard pure substances (Aldrich, USA) at different dilutions in CS 2 containing each of the six analytes. Fluorobenzene was used as internal standard to avoid injection error and error from trace benzene content in the solvent.
Quality Control
Duplicate measurements were done for 10% samples using dual holders of which the analytical results were highly correlated (r 2 = 0.99). Sampling flow rates of all the pumps were determined using Ultra-flo Calibrator (SKC Inc. USA) before and after sampling. Field blank test and breakthrough test were done to ensure quality control.
Calculations
Determination of Multimedia Partitioning, Persistence and LRT of BTEX
The percentage distribution of the target pollutant in five well mixed environmental compartment namely air, water, soil, sediment and vegetation can be predicted along with their long-range transport (LRT) potential and overall environmental persistence using TaPL3 model (software copyright 2000, version 3.0, Canadian Environmental Modeling Centre). This simulation tool is a fugacity-based Level III multimedia mass balance model [16] that uses a default value for the total emission of 1000 kg/h into a single mobile medium (air or water) and returns the total environmental load in the system. The probable emission of the target VOCs in the system under examination is estimated from the actual environmental load as calculated from measured concentration in air assuming a linear relationship between the two. Required input for the model used in the simulation for the target pollutant is given in Table 1 .
Determination of Global Worming Consequences of BTEX
BTEX are non methane volatile organic compounds (NMVOC) and they have two fold contributions towards climate change [25, 26] .
1) The primary contribution arises from their indirect chemical effect on the atmosphere. VOCs influence climate through production of organic aerosols and their involvement in photochemistry, i.e., production of O 3 in presence of NO x and sunlight [27] .
2) The secondary contribution is due to the eventual production of CO 2 from the atmospheric degradation of the VOC and determined by the amount of carbon present therein.
The CO 2 equivalent emissions arising from 1) is given by:
Where, CO 2primary is CO 2 equivalent in tons, m voc is the number of tons of the VOC emitted and GWP voc is the indirect Global Warming Potential (GWP) for the particular VOC species. The GWP of a VOC species compares the radiative forcing of a ton of a GHG over a given time period (say, 100 years) to a ton of CO 2 
Where, n voc is the number of carbon atoms in a molecule of the VOC, MW voc is its molecular weight in g/mole and CO 2secondary is in tons of CO 2 '44' refers to the molecular weight of CO 2 .
Thus the total CO 2 equivalent emissions (in tons) arising from the direct release of the VOC is 
Determination of Inhalation Exposure and Risk
In the current study, the non-cancer hazard and integrated life time cancer risk (ILCR) due to the exposure to a few VOCs at their prevailing level were estimated. The daily exposure (E) of an individual due to intake process (considering inhalation only) was calculated from the Equation (1) [18] :
The chronic non-cancer hazard index was estimated using daily exposure E. The integrated lifetime cancer risk (ILCR) upon an individual for residing in the area for 15 years was estimated from the effective life time exposure, E L (Equation (2)).
The description of the variables used here is tabulated below. [20] c [21] . d Calculated [22] ; except for fish-air partition coefficient (K FA ), K FA = V L x K oa , where V L is the volume fraction of lipid in fish.
e Due to in non-availability of data, half life of 1000 hour has been assumed for benzene, ethylbenzene and xylene in vegetation compartment. Value for toluene was calculated from Fostera et al. [23] . f [24] . 
Calculation of Chronic Non-Cancer Risk
Non-cancer risks were expressed as Hazard Quotient (HQ), which is defined as the ratio between the yearly average daily dose received, E Y and the response dose, RfD (a level below which adverse health effects are not likely to occur). This algorithm were used to calculate chronic noncancer risk (i.e., risk associated with long-term exposures), using chronic RfDs. Summation of HQs for individual contaminants gave Hazard Index (HI).
Calculation of Cancer Risk
Cancer risks was calculated from the Equation (3)
*Ref.
: [18] .
Where, SF is the slope factor or carcinogenic potency slope.
Result & Discussion
Ambient Level of BTEX and Their Seasonal Variation
Mean VOC concentrations at three monitoring sites dur- 3 ) in Kolkata atmosphere. Since then some effective measure was taken by the State Pollution Control Board to wind up unauthorized small scale industries responsible for VOC emission in and around Kolkata. More over, the decrease of BTEX level is due to the directives of the Government of India in lowering the permissible limit of benzene up to 3% in metro cities including Kolkata after 2001 and also the mandatory use of Bharat Stage II (equivalent to EURO II) vehicles after year 2002. An overall fairly good correlation (r 2 = 0.62 to 0.83) among the BTEX were found except between benzene and o-xylene (0.51) indicating a predominant common source, namely vehicular emission. One way analysis of variance (ANOVA) shows that except for benzene, seasonal variation is significant (p ≤ 0.01). The site-wise toluene to benzene ratio ranged from 1.3 -2.2 with an overall average of 1.7 which is typical of urban environment. Table 2 gives a comparative account of the level and seasonal trend obtained in the current study with a few other urban areas worldwide. The city experiences a humid and tropical climate. The temperature measured at different sites during the study period found to vary between 13.5˚C to 29.0˚C in winter months and 29.0˚C to 39.0˚C during summer months. Wind speed recorded in all sites during winter months varied between 0.03 to 3.30 m/s and during summer months, 0.10 to 3.70 m/s. Calm conditions prevail frequently during winter months, and are more common in the evening hours. Relative humidity remains quite high throughout the year. The relative humidity varied from 34% to 89% during winter months and 44% to 86% during summer months.
The target VOCs showed higher average level in most cases in winter season compared to summer or postmonsoon may be due to the lower mixing height and less dispersion during winter. The photochemical reactivity of toluene, ethylbenzene and xylenes which leads to the formation of carbonyls through reaction with hydroxyl radical plays important role in their removal during hot tropical summer with bounty of sunlight. Relatively lesser photochemical reactivity of benzene [37] may explain the higher level (though not statistically significant) during winter caused by lowered mixing height and dispersion.
Environmental Distribution of BTEX
The percentage distribution and probable load of BTEX in different environmental compartments for their direct and continuous release in air was estimated using TaPL3 multimedia mass balance model ( Table 3) . Out of the five segments, there was negligible partitioning in vegetation and thus not incorporated in table. Air is expectedly the most favorable compartment of residence for principal part of all the target pollutants with dominant load. A small amount of distribution of these compounds was found in soil followed by water. Trace amount of partitioning was observed in the sediment compartment.
The total environmental load is highest for toluene and xylenes (3.3 × 10 4 kg both) followed by benzene (2.1 × 10 4 kg) and ethylbenzene (9.5 × 10 3 kg). Considering the target VOCs, the total environmental load was calculated as 9.7 × 10 4 kg. Table 4 compares the emission rates of the pollutants and their fate in the environment. Estimated hourly emission rate was highest for xylenes followed by toluene, ethylbenzene and benzene. The persistence and long range transport (LRT) were highest for benzene and lowest for xylenes which commensurate with the relative reactivity of the mono-aromatics. The persistence of benzene was found to be 2.5, 3.0 and 6.1 times higher than toluene, ethylbenzene and xylene respectively. This is reflected in the observation that the concentration ratios with respect to benzene i.e., T/B, E/B and X/B emission ratio obtained from the model are 3.9, 1.4 and 9.5 respectively whereas the T/B, E/B and X/B concentration ratio in air is only 1.7, 0.4 and 1.6. The LRT denotes that at least for benzene this city acts as an area source for surrounding suburban and rural areas within 400 km radius. An estimation of yearly emission for BTEX in Kolkata metropolitan city is presented in Table 4 .
The total estimated emission for BTEX is as high as 1.4 × 10 4 tons per year which is comparable to the estimated evaporative emission of 1.1 × 10 5 tons per year for total hydrocarbon reported for Kolkata in emission inventories for VOCs in metro cities [38] .
Global Warming Consequences of BTEX Emission in City Air
The global warming consequences for BTEX emission in the city environment, expressed as CO 2 equivalent estimated using Equations 1, 2 and 3, is also given in Table  4 . Our study shows that 1.9 × 10 5 tons of CO 2 equivalents of only BTEX are being emitted per year from Kolkata metropolitan city. The total yearly CO 2 emission of Kolkata city in the year 2000 has been estimated to be 1.7 × 10 7 tons, which is 2.2% of national CO 2 emission Pearl River Delta, China [3] 15.4-67.3 (urban-roadside) 28.6-106.9 (urban-roadside) Autumn (November) BTEX level is 26-56% more than their summer (July) level. Meteorological conditions such as source and characteristics of air mass are the reason for such massive seasonal variation rather than variation in source input or photochemistry.
Delhi, India [30] 12-55 (urban-residential) 80-550 (urban-traffic crossing) 
(metropolitan -urban)
Significantly higher winter level due to meteorological factors like lowered mixing height and lesser dispersion and also enhanced photochemical removal of TEX in summer; insignificantly lower summer level for benzene due to less photochemical reactivity, only meteorological factors increases the winter level. T/B ratio ranged from 1.3 to 2.2. with only 1.6% of population [13] . Thus the CO 2 equivalent of BTEX only represents almost 1.1% of the total emission of Kolkata and 0.002% of national CO 2 emission in addition to the total CO 2 load. It is expected that the total hydrocarbon present in the city air has the potential to increase the level of CO 2 even more. This indicates that the actual global warming consequence of emissions in city air is reasonably higher than the direct CO 2 emission after considering the emission of VOCs.
Risk Assessment
The concentrations of the BTEX were found to be quite high in the present study and their levels could be a real threat to the health of the city inhabitants. [39] while ethylbenzene is classified as a group D carcinogen [40] . The cancer risk calculated in the current study suggests the exposure level to be far from being safe for population residing for 15 years in the city. In all the three sites, the estimated cancer risk is more for benzene due its high carcinogenicity. Estimated cancer risk for all the individual components (except for ethyl benzene in Site N) exceeded the threshold value of 1 × 10 -6 indicating significant cancer risk. In general, residents of Site S receive higher exposure from the pollutants in comparison to the other two sites and as a result the probability of cancer risk is higher in Site S. Assuming that the carcinogenic effect from different pollutant is additive, the cumulative cancer risk from benzene and ethylbenzene is maximum (3.0 × 10 -5 ) in Site S, followed by Site C (1.9 × 10 -5 ) and Site N (8.9 × 10 -6 ). In spite of its lower exposure value, benzene gives the highest non-cancer HQ due to its low reference dose for adverse non-cancer health effect. Benzene is closely followed by xylenes in causing non-cancer health hazard. The individual HQs or the HI for BTEX did not exceed anywhere indicating no serious threat of chronic noncancer health effect in pollutant specific target organs for the city population.
Conclusions
Ambient concentration of Benzene, Toluene, Ethylbenzene and isomers of Xylene (BTEX) have been found to be appreciably high in Kolkata metropolitan city. After air compartment, BTEX was found to be residing in soil followed by water with the total environmental load of BTEX as high as 9.7 × 10 4 kg. The prevailing benzene and ethylbenzene level is estimated to pose significant cancer risk due to the inhalation exposure to the general city population.
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